We previously identified retroperitoneal fibromatosis-associated herpesvirus (RFHV) as a simian homolog of Kaposi's sarcoma-associated herpesvirus (KSHV) in a fibroproliferative malignancy of macaques that has similarities to Kaposi's sarcoma. In this report, we cloned 4.3 kb of divergent locus B (DL-B) flanking the DNA polymerase gene from two variants of RFHV from different species of macaque with a consensus degenerate hybrid oligonucleotide primer approach. Within the DL-B region of RFHV, viral homologs of the cellular interleukin-6, dihydrofolate reductase, and thymidylate synthase genes were identified, along with a homolog of the gammaherpesvirus open reading frame (ORF) 10. In addition, a homolog of the KSHV ORF K3, the modulator of immune recognition-1, was identified. Our data show a close similarity in sequence conservation, gene content, and genomic structure between RFHV and KSHV which strongly supports the grouping of these viral species within the same RV-1 rhadinovirus lineage and the hypothesis that RFHV is the macaque homolog of KSHV.
The most recently discovered human tumor virus, Kaposi's sarcoma-associated herpesvirus (KSHV), has been implicated in the pathogenesis of Kaposi's sarcoma, primary effusion lymphoma, and Castleman's disease (for a review, see reference 41) . KSHV was assigned to the Rhadinovirus genus of the gammaherpesviruses based on similarities at the levels of nucleotide sequence, gene content, and genomic structure with the Rhadinovirus prototype, Herpesvirus saimiri (HVS) of the South American squirrel monkey (30) . Like other gammaherpesviruses, KSHV has numerous genes with homology to cellular host genes which have been captured during virus evolution (37) . Viral homologs of cellular genes contribute to the unique biological properties and pathogenic effects of different viral species and, in the case of KSHV, function in the disruption of antiviral responses, cytokine-regulated cell growth, apoptosis, and cell cycle control (29) . As in other gammaherpesviruses, these cellular homologs cluster in a restricted number of divergent genomic loci, and the presence and orientation of these genes are uniquely characteristic of KSHV.
We have identified a simian homolog of KSHV in macaque retroperitoneal fibromatosis (36) , a vascular fibroproliferative malignancy with morphological and histological similarities to Kaposi's sarcoma (12, 45) . A consensus degenerate hybrid oligonucleotide primer (CODEHOP) technique (35) utilizing PCR primers derived from highly conserved amino acid motifs within the herpesvirus DNA polymerase genes was used to amplify DNA sequences from retroperitoneal fibromatosis lesions of two macaque species. These sequences were identified as portions of the DNA polymerase genes of two closely related novel viruses, retroperitoneal fibromatosis-associated herpesvirus of Macaca mulatta (RFHVMm) and of Macaca nemestrina (RFHVMn) (36) . Subsequently, it was shown that these macaque species are also host to another closely related herpesvirus with similarity to KSHV, rhesus rhadinovirus (RRV) (11) and Macaca nemestrina rhadinovirus 2 (RV-2) (40) . This virus has been alternatively named pig-tail rhadinovirus (26) and pig-tailed monkey rhadinovirus (4) .
Phylogenetic analysis of the DNA polymerase sequences demonstrated that RFHVMm and RFHVMn clustered together with KSHV within a lineage designated rhadinovirus 1 (RV-1), while RRV and M. nemestrina RV-2 cluster into a more distantly related lineage designated rhadinovirus 2 (RV-2) (40) . Additional studies have identified viral species belonging to both the RV-1 and RV-2 lineages of KSHVrelated viruses in a number of Old World primate host species, including African green monkeys, drills, mandrills, gorillas, and chimpanzees (13, 14, (20) (21) (22) .
Classification of viral species within the RV-1 and RV-2 rhadinovirus lineages has been based mainly on comparisons of partial sequences of DNA polymerase genes. In this report, we cloned 4.3 kb of divergent locus B (DL-B) flanking the DNA polymerase gene of RFHVMm and RFHVMn with the CODEHOP strategy. As in the corresponding DL-B locus in KSHV, viral homologs of the cellular interleukin-6 (vIL-6), dihydrofolate reductase (vDHFR), and thymidylate synthase (vTS) genes were identified, along with a homolog of the conserved gammaherpesvirus open reading frame (ORF) 10 . In addition, a homolog of the KSHV ORF K3, the modulator of immune recognition-1 (MIR-1) (10), was identified. Our data show a close similarity between the nucleotide sequences, gene content, and genomic structure of RFHV and KSHV, supporting the hypothesis that these viral species belong to the same RV-1 viral lineage and that RFHV is the macaque homolog of KSHV. Genetic differences were identified between the RV-1 and RV-2 macaque viruses, suggesting important biological differences between the two rhadinovirus lineages.
MATERIALS AND METHODS
Tissue samples. Retroperitoneal fibromatosis tumor samples were obtained from a simian retrovirus 2-infected Maccaca mulatta (MmuYN-91) provided by Harold McClure, Yerkes National Primate Research Center, Atlanta, Ga. Retroperitoneal fibromatosis tumor and spleen samples from a simian retrovirus 2-infected M. nemestrina (Mne442N) diagnosed with retroperitoneal fibromatosis were obtained from Riri Shibata, National Institutes of Health, Bethesda, Md.
DNA isolation. Frozen tissue samples were quickly thawed in the presence of a standard proteinase K extraction buffer containing 0.1% sodium dodecyl sulfate by homogenization in a disposable homogenizer. Samples were digested at 55°C for several hours, and the DNA was purified by standard phenol-chloroform extraction and ethanol precipitation.
Partial inverse PCR. In order to clone the region flanking the DNA polymerase gene of RFHVMm, 5 g of high-molecular-weight DNA extracted from a retroperitoneal fibromatosis tumor sample obtained from MmuYN-91 was partially digested with MboI (New England Biolabs) at enzyme dilutions ranging from 2 U/g of DNA to 0.031 U/g of DNA. Appropriately sized fragments were circularized with 4 U of T4 DNA ligase/l (Promega) for 6 h at 22°C, essentially as described (33) . PCR amplification was then performed with the DRIPA (5Ј-TTCACGACAGGATACCCTACG-3Ј) sense and QIRQB (5Ј-CAGCTCCT CTTGTCTGATTTG-3Ј) antisense primers derived from the 5Ј end of the RFHVMm DNA polymerase sequence (Fig. 1) , and the resulting PCR product was isolated with a QIAEX gel extraction kit (Qiagen), cloned (Perfectly blunt cloning kit; Novagen), and sequenced.
Thermal gradient CODEHOP PCR amplification of thymidylate synthase homolog. CODEHOPs were designed with an alignment of the vTS genes from KSHV, herpesvirus saimiri (HVS), and equine herpesvirus 2 (EHV2) (see Table  1 for accession numbers) with the method previously described (35) . Two conserved amino acid sequence motifs, RHFG and DMGL, were chosen as targets.
The CODEHOPs RHFGA (5Ј-CCTGTTTACGGTTTCCARTGGAGRCAYT TYGG-3Ј) and DMGLB (5Ј-GGCAATGTTAAAAGGAACTCCNARNCCCA TRTC-3Ј) were derived from these motifs and designated A (sense orientation) or B (antisense orientation), where Y ϭ C or T; R ϭ A or G; and N ϭ A, C, G, or T. Approximately 1 g of DNA extracted from the retroperitoneal fibromatosis tumors of MmuYN-91 and Mne442N was used as the template in a PCR in 0.067 M Tris-HCl (pH 8.8)-4 mM MgCl 2 -0.016 M (NH 4 ) 2 SO 4 -0.01 M ␤-mercaptoethanol-100 g of bovine serum albumin per ml (24)-100 nM deoxynucleoside triphosphates-1 M each oligonucleotide-2.5 U of Platinum Taq polymerase (Life Technologies) in a 50-l reaction volume. Amplification was preceded by a 1-min incubation at 95°C to activate the polymerase. Cycling conditions consisted of a 30-s 94°C denaturing step, a 30-s 55 to 70°C annealing step, and a 30-s 72°C extension step for 40 cycles in a thermal gradient iCycler thermocycler (Bio-Rad).
Long-range PCR amplification. High-molecular-weight DNA isolated from retroperitoneal fibromatosis tissue of MmuYN-91 and spleen tissue from Mne442N was used as the template in long-range PCR amplification of the region between the ORF 10 and TS genes of RFHVMm and between the DNA polymerase and TS genes of RFHVMn. The gene-specific PCR primers F6565 (5Ј-TGAACTATTTTGCTACCCCAACACCGCTAT-3Ј; ORF 10, RFHVMm), R20432 (5Ј-CTTTGCCCCCCTGTCACGTTCTCTGTCAGT-3Ј; vTS, RFHVMm), PolF1LR 5Ј-CCACCGTCCCAGACCAACGAAAGCG CCAGA-3Ј; DNA polymerase, RFHVMn), and TSR1LR (5Ј-GTCTGCCTG GAATCCCGTGGATATACCAAA-3Ј; vTS, RFHVMn) were designed with Oligonucleotide v5 software (NBI) with a standard length of 30 nucleotides to ensure high specificity and annealing temperature (see Fig. 1 ). Long-range PCR amplification was performed with the Expand Long Template PCR system (Roche) with the recommended protocol. PCR products were analyzed on a 1% agarose gel and purified with a QIAquick PCR purification kit (Qiagen).
DNA sequencing and sequence assembly. PCR products were either cloned and sequenced with vector-specific primers or sequenced directly with CODE-HOP or gene-specific primers. Additional internal gene-specific primers were used to obtain overlapping sequences within the larger PCR products. Multiple PCR products and clones were sequenced in both orientations to avoid artifacts and Taq polymerase errors. Sequencing was performed on an ABI model 310 automated sequencer with Prism Big Dye terminator cycle sequencing ready reaction kit with Amplitaq DNA polymerase FS (Applied Biosystems). DNA sequences were assembled with Sequencher 4.0.5b10 (GeneCodes). Sequence redundancy was three-to fourfold.
Sequence and phylogenetic analysis. ORFs were identified in Sequencher and compared to existing sequences with Blast analysis of the NCBI nonredundant database. RFHV ORFs were named according to the nomenclature proposed for KSHV (37) , with ORFs not found in HVS designated with an RF preface, for example, RF3. Pairwise nucleotide and encoded amino acid alignments were performed with GenePro software (Riverside Scientific, Bainbridge Island, Wash.). Multiple sequence alignment was done with ClustalW (EMBL, Heidelberg, Germany). Phylogenetic analysis of amino acid sequences was done with 
RESULTS
Partial inverse PCR amplification of ORF 10 sequences from RFHVMm. We have previously used the CODEHOP technique, described in reference 35, to clone the entire DNA polymerase genes and flanking sequences of the macaque rhadinoviruses RFHVMn and RFHVMm (40) . At present, this is the only information available regarding the genetic make-up of these viruses. We have had to rely on PCR amplification for the characterization of these viruses because of the minimal copy number of the viral genomes within the available tissue samples and the inability to culture the viruses in vitro.
In an attempt to extend the sequences of these viral genomes into the region flanking the DNA polymerase gene, we initially employed a partial inverse PCR technique for cloning flanking sequences. Specific oligonucleotide primers, DRIPA and QIRQB, were derived from opposite strands of the DNA sequence at the 3Ј end of the RFHVMm DNA polymerase gene, as shown in Fig. 1 . These primers were used to amplify circularized DNA templates obtained from partial restriction digests of DNA isolated from retroperitoneal fibromatosis tumor samples of MmuYN-91, essentially as described before (33) . A 1.3-kb PCR fragment was obtained, cloned, and sequenced. Sequence analysis revealed that half of the fragment was identical to the previously determined DNA polymerase gene, and the other half contained new sequence derived from the downstream ORF 10 gene (see Fig. 1 ).
CODEHOP-based PCR amplification of sequences within the vTS genes of RFHVMm and RFHVMn. Although the inverse PCR technique resulted in new sequences flanking our original sequence, the amount of sequence was limited. Therefore, we pursued long-range amplification to obtain larger DNA fragments. Previous comparison of the nucleotide sequences of the DNA polymerase genes of KSHV and the two RFHV species suggested that the genomes of the macaque viruses would be similar to the KSHV genome (36, 40) . Flanking the KSHV DNA polymerase gene is divergent locus B (DL-B), which contains a number of viral homologs of cellular genes that have been captured during the evolution of the virus ( Fig. 1) (31) . Because the presence and orientation of the genes within this region are uniquely characteristic of KSHV, analysis of this region within the genomes of RFHVMn and RFHVMm would allow a more definitive characterization of these viruses to determine their relationship to KSHV. The vTS gene was identified as a suitably conserved candidate target for cloning with the CODEHOP technique. Successful amplification of a portion of the RFHV vTS gene would provide the sequence information to prepare a TS-specific primer allowing long-range amplification between the vTS gene and known DNA polymerase/ORF 10 sequences within the RFHV genomes ( Fig. 1) .
Alignment of the available herpesvirus vTS homologs revealed the presence of two conserved amino acid motifs, RHFG and DMGL, which were separated by approximately 200 bp (data not shown). These motifs were chosen as CODE-HOP targets, and RHFGA (sense orientation) and DMGLB (antisense orientation) CODEHOPs were derived from these motifs. Thermal gradient PCR amplification was performed with these CODEHOP primer pools with DNA isolated from retroperitoneal fibromatosis tissues from MmuYN-91 and Mne442N. Thermal gradient amplification empirically determines the optimal annealing temperature of CODEHOPs for amplification of unknown DNA templates by allowing multiple amplification reactions to proceed at different annealing temperatures. The PCR products obtained from amplification at different temperatures were analyzed by gel electrophoresis. An annealing temperature of Ϸ64.3°C (Fig. 2 , lane 4) yielded a single strong PCR product of the predicted size (284 bp) from both DNA templates. These DNA products were chosen for analysis and sequenced directly with both of the TS CODEHOPs used in the amplification. A comparison of the sequences revealed a close similarity with the sequence of the KSHV vTS homolog, indicating that these PCR products were derived from the vTS genes of the closely related RFHVMm and RFHVMn (see below).
Long-range PCR amplification of divergent locus B located between DNA polymerase and vTS genes of RFHVMm and RFHVMn. To characterize the DL-B region of the RFHVMm genome, gene-specific primers were derived from the ORF 10 sequence obtained by partial inverse PCR (primer F6565) and the TS sequence obtained by CODEHOP PCR (primer R20432) (see Fig. 1 ). To characterize the RFHVMn genome, a DNA polymerase-specific primer was derived from our previous sequence of the DNA polymerase (PolF1LR), and a TS-specific primer (TSR1LR) was derived from the RFHVMn CODEHOP TS PCR product. Based on the relative positions of the DNA polymerase/ORF 10 and vTS genes within the KSHV genome, it was predicted that amplification of the RFHV region would yield a PCR product of approximately 5 kb (Fig. 1) .
Long-range PCR amplification was performed on DNA from MmuYN-91 and Mne442N tissues containing RFHVMm and RFHVMn viral DNA, respectively. A single 3.6-kb PCR product was obtained from the MmuYN-91 retroperitoneal fibromatosis tissue with the ORF 10 and TS primers, while a 4.1-kb product was obtained from the Mne442N spleen tissue with the DNA polymerase and TS primers. The DNA sequences of these products were obtained and analyzed by Blast for similarities to known sequences. Five ORFs were identified downstream of the DNA polymerase gene in both the RFHVMm and RFHVMn PCR products (see Fig. 3 ), including ORF 10, ORF RF2, a viral homolog of cellular IL-6; ORF 02, a viral homolog of dihydrofolate reductase (vDHFR); ORF RF3, a homolog of the ORF K3 modulator of immune response-1 (MIR-1); and ORF 70, a viral homolog of the thymidylate synthase (vTS). These ORFs have been named according to the HVS designations and their similarities to counterparts in the KSHV genome. ORFs not found in HVS were assigned labels beginning with RF (for retroperitoneal fibromatosis), similar to the convention used for naming KSHV ORFs, as described in Materials and Methods.
Analysis of RFHV ORFs. (i) ORF 70 (vTS homolog). Blast analyses of the sequences obtained from the RFHVMn and
RFHVMm long-range PCR products identified sequences homologous to the 3Ј end of the KSHV vTS gene, which was designated ORF 70 because of homology with the HVS ORF 70 vTS gene (Fig. 3 ). These sequences overlapped those obtained with the TS-specific CODEHOP primers described above, and a consensus was derived for each of the viral species. An alignment of the RFHVMm and RFHVMn ORF 70 vTS sequences with the homologous regions from other viral and cellular TS homologs is shown in Fig. 4A . The amino acids encoded by the RFHVMn and RFHVMm vTS sequences were 86% identical to each other and 74% identical to the C-terminal 170 amino acids of the 337-amino-acid KSHV vTS ( Table  2 ). The RFHV vTS sequences were 69% and 66% identical to the corresponding regions of the RRV and HVS vTS sequences, respectively. Comparison of the RRV and KSHV vTS sequences revealed 74% identical residues, equivalent to that seen between RFHV and KSHV vTS sequences (Table 3) .
Phylogenetic analysis of the TS sequence alignment in Fig.  4A (supplemented with outgroup sequences from the TS homologs from an insect, a yeast, and a plant) by the protein maximum-likelihood method produced a tree with an ln likelihood of Ϫ2613.62538, with bootstrap support as indicated on the nodes (Fig. 4B) . In this tree, the RFHVMn and RFHVMm vTS sequences grouped together, as expected for virus variants obtained from closely related macaque host species. The RFHV vTS sequences grouped with the KSHV vTS sequence in a branch separate from RRV vTS and the other TS sequences. Although the bootstrap value for this branch pattern was 51%, the likelihood was significantly positive, P Ͻ 0.01. Maximum-likelihood, neighbor-joining, and parsimony methods with both protein and DNA sequences confirmed this branch pattern (data not shown). This pattern mirrors that obtained previously with DNA polymerase sequences, supporting the grouping of RFHV and KSHV together within the RV-1 lineage of Old World primate rhadinoviruses distinct from RRV (40) . Interestingly, the vTS homologs of the alphaherpesviruses and the New World primate rhadinoviruses grouped distinctly with the mammalian and eukaryotic cellular TS homologs (Fig. 4B) .
(ii) ORF 10 homolog. ORFs which encoded 411 amino acids that were 75% identical to each other and 46% identical to the KSHV ORF 10 were identified downstream of the DNA polymerase gene in the PCR fragments from RFHVMm and RFHVMn (Table 2) . Blast (protein) analysis against the NCBI databases revealed similarities with the ORF 10 homologs of other gammaherpesviruses, including RRV (32% identity), HVS (23% identity), and Epstein-Barr virus (EBV) (12% identity, LF1 gene). Alignment of the amino acid sequences revealed the presence of numerous blocks of sequences conserved between the ORF 10 homologs of RFHVMn, FIG. 3 . Relative organization of Ϸ7.7 kb of the RFHV genome between the glycoprotein B (gB) and vTS genes in comparison to the genomes of other primate rhadinoviruses, including human KSHV, macaque RRV, and South American squirrel monkey HVS. Ateline herpesvirus 3 from the South American spider monkey displays the same organization as HVS, a close relative, except it lacks a vDHFR homolog (2) . The relative position and orientation of the ORFs identified within the respective 7,739-and 7,756-bp fragments of the RFHVMm and RFHVMn genomes assembled from overlapping sequences from the previously published partial gB and complete DNA polymerase (DNA Pol) (40) and the 3.6 to 4.1 kb of the DL-B region targeted in the present study are shown. Missing genes are indicated with a dashed line, and noncontiguous regions of the genome are indicated with a double slanted line.
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RFHVMm, KSHV, and RRV (Fig. 5A) . The alignment showed much less sequence homology within the other ORF 10 homologs analyzed. A much stronger sequence similarity was detected between the ORF 10 homologs of RFHV and KSHV (46% identical residues) than was detected between the ORF 10 homologs of RRV and KSHV (34% identical residues) ( Table 3) . A phylogenetic analysis was performed with the protein maximum-likelihood procedure, and a tree with an ln likelihood of Ϫ11551.56201 was obtained (Fig. 5B) . Like the vTS sequences, the RFHVMn and RFHVMm ORF 10 sequences clustered together with the KSHV ORF 10 sequence in a lineage distinct from that of the macaque RRV. This clustering was well supported by the bootstrap analysis and was confirmed by neighbor-joining and parsimony methods. The extended branch lengths observed for the ORF 10 homologs of the nonprimate rhadinoviruses murine herpesvirus 68 (MHV68), bovine herpesvirus 4 (BHV-4), alcelaphine herpesvirus 1 (AHV1), and equine herpesvirus 2 (EHV2) and the lymphocryptovirus EBV indicate the weak sequence conservation within the more distantly related members of this gene family; the amino acid identity between the ORF 10 homologs of the rhadinoviruses and lymphocryptoviruses was less than 20% (Table 2) .
To search for possible functional motifs, iterated searching of the nonredundant NCBI protein database with PSI-Blast was performed. While no obvious sequence similarity was detected between the RFHV ORF 10 and genes of known function, a similarity was detected with the ORF 11 sequences of KSHV, RRV, and other gammaherpesviruses. Figure 5A shows an alignment of ORF 10 and 11 homologs in which few gaps were needed to align a number of conserved amino acid residues and motifs.
(iii) RFHV genome lacks an ORF 11 homolog. Downstream of ORF 10 in the KSHV genome is the 407-amino-acid ORF 11, which is homologous to the HVS ORF 11 and the EBV LF2 gene (37) . ORF 11 homologs have been identified in analogous positions in all other gammaherpesviruses characterized except BHV4, which lacks a homologous ORF 11 gene (49) . In our initial long-range PCR amplification studies, the Table 1 (Fig. 1 ). Sequence analysis indicated that this difference in size was due to the absence of an ORF 11 homolog downstream of ORF 10. To determine whether this was a true characteristic of the RFHV genome, we obtained the sequence of the analogous fragment of the RFHVMn genome, as described above. As shown in Fig. 3 , the DL-B regions of both the RFHVMn and RFHVMm genomes, like that of BHV4, lack an ORF 11 homolog.
(iv) ORF RF2 homolog (vIL-6). Blast analysis of the sequences obtained from the long-range PCR products from RFHVMn and RFHVMm revealed the presence of a gene homologous to the ORF K2 gene of KSHV and the cellular cytokine IL-6. The ORF K2 gene has been identified previously as a viral homolog of IL-6 (vIL-6) (37). While the sequence similarity between the KSHV vIL6 and the cellular IL-6 is low (24%), the KSHV vIL-6 has been shown to have many biological functions in common with cellular IL-6 (29) . Consistent with the naming convention used for the KSHV genome, we have designated the vIL-6 homolog of RFHV ORF RF2. ORF RF2 is similar in genomic location and orientation to the KSHV ORF K2 gene (Fig. 3) . A vIL-6 homolog, designated ORF R2, has been found in the macaque RRV genome (11) .
The amino acid sequences of the RFHV vIL-6 homologs were aligned with the vIL-6 homologs from KSHV and RRV and the cellular human and macaque IL-6 sequences. Only 12 of more than 200 amino acids (Ͻ6%) were conserved between the cellular and viral IL-6 homologs. However, examination of the alignment revealed significant sequence similarity between the vIL-6 homologs of RFHV and KSHV which did not extend to either the vIL-6 homolog of RRV or the human and macaque cellular IL-6 homologs (Fig. 6A ). Specific differences with RRV include the sequence length variations observed at the N and C termini, the cysteine at position 49, the potential N-linked glycosylation site at position 89, and four internal amino acid insertions present only in the RRV vIL-6. Overall, the vIL-6 homologs from RFHVMn and RFHVMm were 74% identical to each other and 35% identical to the KSHV vIL-6.
In contrast, the RRV vIL6 was only 14% identical to the KSHV vIL-6 homolog and 19% identical to the RFHV vIL-6 homologs (Tables 2 and 3 ). These relationships are shown graphically in the phylogenetic analysis obtained with protein maximum likelihood (Fig. 6B) . The RFHVMm and RFHVMn sequences clustered together with KSHV vIL-6 in a branch separate from the RRV and cellular IL-6 homologs. The long branch lengths between RRV and both the KSHV/RFHV vIL-6 and cellular macaque/human IL-6 clusters are indicative of the large sequence variation seen in the RRV sequence.
(v) ORF 02 homolog (vDHFR). Dihydrofolate reductase (DHFR) is a ubiquitous protein in both prokaroytes and eukaryotes that is responsible for de novo synthesis of purines and deoxythymidine monophosphate for DNA synthesis. Viral homologs of DHFR have been identified in a restricted number of gammaherpesviruses within the genus Rhadinovirus, including KSHV (37), macaque RRV (42), and HVS from the New World squirrel monkey (44) . As shown in Fig. 3 , a homolog of DHFR was detected flanking the vIL-6 gene within the PCR products obtained from RFHVMm and RFHVMn, in a position identical to that seen in KSHV. This differs from the situation in RRV and HSV, in which the vDHFR genes are located near the left ends of their respective genomes (Fig. 3) . The RFHVMm and RFHVMn vDHFR homologs were 208 amino acids in length and 84% identical to each other (Table   TABLE 2 Fig. 1 ). 2). They were similar in size to the 210-amino-acid KSHV vDHFR, which was 52% identical to the RFHV homologs. This similarity is greater than that seen between the RRV and KSHV vDHFR sequences (45% ; Table 3 ). Furthermore, the RFHV and KSHV homologs contained a 17-to 24-amino-acid C-terminal region that was not found in either the cellular DHFR genes or the vDHFR homologs of HVS and RRV, all of which were 187 to 188 amino acids in length (Fig. 7A) . Additionally, the RFHV and RRV sequences differed at two insertion-deletion positions, as indicated in Fig. 7A . Although the C-terminal regions of the RFHVMn and RFHVMm vDHFR homologs were highly conserved, little homology was seen with the KSHV C-terminal region except for a conserved ERP motif (Fig. 7A) . Phylogenetic analysis revealed a clustering of the RFHV and KSHV vDHFR genes that was distinct from the RRV, HVS, and cellular DHFR genes (Fig. 7B ).
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(vi) ORF RF3 (MIR-1) homolog. ORFs encoding 233 and 232 amino acids were identified between the vDHFR and vTS genes of the RFHVMn and RFHVMm PCR fragments, respectively. A Blast similarity search demonstrated that these ORFs were closely related to the ORF K3 and K5 genes of KSHV. Because the RFHV ORFs were in a location identical to that of the K3 gene within the KSHV genome, they were designated ORF RF3 (see Fig. 3 ). While the RF3 homologs from RFHVMn and RFHVMm were 85% identical to each other, they were only 40% and 38% identical to the K3 and K5 genes of KSHV, respectively (Table 2) . Blast analysis identified similarities with other herpesvirus proteins, including two ORFs, Bo4 (nonspliced) and Bo5 (spliced), derived from the immediate-early-1 gene transcript of BHV4 and the ORF K3 homolog in MHV68, herein designated MK3. In addition, sequence similarity was identified with several poxvirus proteins, including the C7 protein of swinepox (swine host), the MV-LAP protein of myxoma virus (rabbit host), and the 5L protein of yaba-like disease virus (monkey host). A distinct but more distant sequence similarity was also noted with HVS ORF 12. An ORF RF3 homolog was not detected within the genome of the macaque RRV. Within the herpesviruses, all of the RF3-related ORFs were colocalized in analogous positions within their respective genomes. Alignment of the RFHVMn and RFHVMm RF3 genes with the other related sequences revealed a strong sequence similarity centered around a conserved cysteine and histidine motif within the N-terminal domain of these proteins. This motif belongs to the BKS (BHV4/KSHV/swinepox) subset of the C 4 HC 3 PHD/LAP zinc finger motifs, as described before (31) . The PHD/LAP motif family consists of a very general grouping of a number of proteins containing a C 4 HC 3 motif, which has been implicated in DNA binding and chromatin-mediated transcriptional regulation (1, 38) . A consensus sequence of highly conserved residues was determined for the BKS motif of RF3, K3, K5, Bo4, Bo5, and MK3 which consisted of C 1 -W-I-
Whereas the domains containing the zinc finger motif (amino acids 9 to 53, Fig. 8A ) in RF3 from RFHVMn and RFHVMm were 98% identical, with only a single amino acid difference, Asp-Glu at position 19, they were only 70% identical to the domains found in K3 and K5 and approximately 40% identical to the domains present in the MK3, Bo5, and Bo4 homologs. Although HVS ORF 12 contained the conserved cysteine and histidine residues character- istic of the C 4 HC 3 BKS motif, it lacked many of the additional residues which were completely conserved in the other herpesvirus proteins within this domain (Fig. 8A) . Like the other viral homologs, the RF3 sequences contained two extended hydrophobic regions downstream of the zinc finger motif which were predicted to be membrane-spanning domains, as indicated in Fig. 8A . While the transmembrane domains and flanking regions (amino acids 55 to 156, Fig. 8A ) of the RF3 homologs from RFHVMn and RFHVMm were 95% identical to each other, they were only 31% and 27% identical to the corresponding regions of KSHV K3 and K5, respectively. Only a few residues within this region were identical between the RF3, K3, and K5 sequences, as seen in Fig.  8A . The transmembrane domains and flanking regions of the other viral homologs were not well conserved and were aligned based on the positions of their hydrophobic regions. The Cterminal domains downstream of the second hydrophobic domain (amino acids 157 to 236) within the RF3 sequences from RFHVMn and RFHVMm were only 50% identical but contained a conserved region (CR) in which several sequence motifs were also conserved with the K3 and K5 sequences, for example, the NTRV motif (amino acids 156 to 159), the PY motif (amino acids 163 to 164), and the IEL motif (amino acids 180 to 182). The Asn and Pro at positions 156 and 163, respectively, were also highly conserved within the C-terminal domains of the other K3/K5-related homologs. The C-terminal domains of RF3, K3, and K5 also contained several G-N/D and N/D-G dipeptide motifs which were not found in the other homologous sequences. While the RF3 and K5 sequences terminated shortly after these dipeptide motifs, the C-terminal region of the K3 sequence extended for an additional 100 amino acids.
Phylogenetic analysis of the RF3 homologs with several different methods, including neighbor-joining and protein maximum likelihood, revealed an obvious clustering of RF3, K3, and K5 (see Fig. 8B ) which was distinct from that of the other herpesvirus and poxvirus homologs. However, the K3 homolog did not cluster exclusively with the RF3 homologs, as expected from their homologous positions within their genomes. Instead, the branch pattern between K3, RF3, and K5 was inconsistent. In some analyses, K3 clustered with the RF3 homologs with the exclusion of K5, while in other trees K3 clustered with K5 with the exclusion of the RF3 homologs. This was also evident from the low bootstrap score of 51 for this branch point in the protein maximum-likelihood analysis in Fig. 8B . The clustering of the two proteins from the myxoma and yaba-like disease virus poxviruses and the clustering of the two BHV4 homologs, Bo4 and Bo5, was consistent in the different analyses.
DISCUSSION
We and others have previously reported that a number of Old World primate species are each host to two distinct RV-1 and RV-2 lineages of KSHV-like rhadinoviruses (13, 14, (20) (21) (22) 40) . While the complete sequences have been determined for the genomes of human KSHV and macaque RRV, the classification of these and other KSHV-like rhadinoviruses into the RV-1 and RV-2 lineages of rhadinoviruses has been based solely on comparison of DNA polymerase sequences. Sequence analysis of the complete genomes of KSHV and RRV has revealed numerous similarities in gene structure and content which support a close evolutionary relationship (11) . However, the genetic content of these viruses is not identical, with numerous examples of genes which are present in one virus and absent in the other (42) . It has not been clear whether these differences are simply because of speciation of the human and macaque viruses or whether they reflect important structural and functional properties of the two distinct viral lineages.
Identification of genetic properties unique to the RV-1 and RV-2 rhadinovirus lineages has been hampered by the absence of an identified RV-2 rhadinovirus from a human host and the difficulty in obtaining further genomic sequence from the other identified RV-1 rhadinoviruses from nonhuman hosts. Among the identified nonhuman RV-1 rhadinoviruses, the greatest amount of sequence information has been obtained for RFHV, the putative macaque RV-1 rhadinovirus, with sequence covering the entire DNA polymerase gene and flanking sequences. However, there has still been some uncertainty concerning the exact nature of the relationship between RFHV and the other macaque virus, RRV, because of the relatively small amount of sequence data and information on gene content available for RFHV.
In the present study, we have added to the amount of available RFHV genetic information by determining 4.3 kb of contiguous sequence within the DL-B region of the RFHVMm and RFHVMn genomes. These sequences overlap the DNA polymerase sequences obtained previously (36, 40) , extending the available sequence for both RFHV species to approximately 7.7 kb. Within this 7.7-kb genomic region, open reading frames encoding homologs of the KSHV glycoprotein B, DNA polymerase, ORF 10, vIL-6, vDHFR, ORF K3/MIR-1, and vTS genes were identified. These genes were present in the same order and relative positions as in the KSHV genome (37) . However, unlike KSHV, the RFHVMn and RFHVMm genomes lacked an ORF 11 homolog. Blast comparisons and phylogenetic analysis of each RFHVMn and RFHVMm ORF demonstrated the closest similarity to the corresponding ORF within the KSHV genome. These results strongly support the grouping of RFHV with KSHV within the RV-1 rhadinovirus lineage and provide evidence that RFHVMm and RFHVMn are the rhesus and pig-tailed macaque homologs of KSHV.
Comparison of the macaque RFHV and RRV genomes within the region of the DL-B targeted in this study revealed important differences in the colinear organization and genetic content of the genomes. One such difference was the presence of the RF3 homolog of MIR-1/ORF K3 in RFHV which was absent from RRV. MIR-1 homologs have been identified in other herpesviruses, including BHV4, MHV68, and HVS, and in several poxviruses, including swinepox and myxoma virus (31, 46) . MIR-1 and the closely related MIR-2 of KSHV, ORF MK3 of MHV68, and the MV-LAP protein of myxoma virus have been shown to function in immune evasion through downregulation of members of major histocompatibility complex class I (MHC-I) and other molecules involved in immune recognition (8, 9, 15, 16, 48) . For this reason, the KSHV proteins have been termed modulators of immune response (MIR), while the MV-LAP protein have been described as endoplasmic reticulum-resident surface cellular receptor abductor proteins, called scrapins (15) .
MIR-1 and MIR-2 function as membrane-bound E3 ubiquitin ligases which ubiquitinate the cytosolic tail of immune recognition proteins, targeting them for endolysosomal degradation (10, 25) . The ability to impair host cytotoxic T-lymphocyte recognition of virus-infected cells is believed to be an important factor in the viral persistence characteristic of KSHV and other herpesviruses. The presence of the RF3 MIR homolog in RFHV and its absence in RRV demonstrates for the first time a clear difference between the genetic repertoire of the two distinct lineages of KSHV-like macaque rhadinoviruses and suggests either that the persistence of RRV in infected cells is different from that seen with RFHV and KSHV or that RRV employs another means of enhancing viral persistence. Further analysis of the genomes of the other RV-1 Old World primate rhadinoviruses will determine whether this genetic feature is characteristic of the RV-1 lineage in general.
In addition to the conservation within the BKS zinc finger domain of the MIR homologs, sequence similarity was detected within the C-terminal conserved region (CR) domains of RF3, MIR-1, and MIR-2 (Fig. 8A) . Deletion-insertion studies have shown that the conserved region within MIR-2 is necessary but not sufficient for the downregulation of MHC proteins (39) . Although this region is conserved between the MIR-1, MIR-2, and RF3 sequences, it is poorly conserved with the corresponding regions of the other herpesvirus and poxvirus proteins. The upstream flanking hydrophobic transmembrane domains are even less well conserved, with only isolated residues, including three phenylalanine residues, conserved between the transmembrane domains of RF3, MIR-1, and MIR-2. Even less conservation with other herpesvirus and poxvirus proteins was noted across the transmembrane domains.
Only the RF3 transmembrane regions from RFHVMn and RFHVMm were well conserved between each other, with 95% amino acid identity between amino acids 80 and 145. Replacement studies have shown that the transmembrane domains are responsible for the target specificity of MIR activity (39) . Thus, the close similarity between the RF3 homologs of RFHVMn and RFHVMm might reflect target similarities within the two macaque species, while the differences between the RF3 and MIR transmembrane domains could reflect the different specificities required for interactions with macaque and human immune proteins. Experiments are under way to examine the ubiquitin ligase activity and target specificity of macaque RF3.
Other differences in the genome structures of RFHV and RRV were also evident from our analysis of the DL-B region. Whereas the genomes of both RFHV and KSHV contain a vDHFR gene immediately to the left and downstream of the RF3/K3 homolog, the RRV vDHFR is positioned at the far left end of the viral genome. The positioning of the RRV vDHFR gene is similar to that seen in the New World primate rhadinovirus HVS (see Fig. 3 ). Furthermore, the sequence of the RRV vDHFR gene is quite distinct from the that of RFHV and KSHV and groups phylogenetically more closely with the HVS and mammalian cellular DHFR homologs. In fact, the RFHV and KSHV vDHFR sequences are more similar to HVS vDHFR than to RRV vDHFR (Tables 2 and 3 ). Specific differences include the presence of an additional amino acid at position 45 in the sequences of human, mouse, HVS, and RRV DHFR homologs which is absent in the KSHV and RFHV vDHFR homologs and the unique C-terminal extensions found only in the KSHV and RFHV vDHFR homologs. These findings suggest that the vDHFR homologs of KSHV and RFHV were acquired from an ancestral host in a different acquisition event than the vDHFR homologs of HVS and RRV. The differences in the genomic location of the vDHFR genes further support independent acquisition events. While the KSHV and RFHV vDHFR genes are more closely related to each other than to the other DHFR genes, they have evolved to differ considerably from each other, especially when compared to the minimal differences seen between the human and murine DHFR genes, which are 90% identical.
Our studies show that RFHV, like KSHV and RRV, contains a viral homolog of the cellular IL-6 in a conserved orientation within the DL-B region. Of all the herpesviruses identified to date, only these KSHV-like rhadinoviruses contain a vIL6 homolog (31, 37) . While our studies show that the IL-6 homologs of RFHV and KSHV have a conserved gene structure and sequence, the RRV vIL-6 has diverged considerably, with substantial changes in amino acid sequence and three internal insertions or deletions with respect to the other vIL-6 and cellular IL-6 homologs. These structural differences suggest the possibility of functional differences. Cellular IL-6 is one of a family of related cytokines which has been implicated in the pathogenesis of several B-cell neoplasias (18) , and the presence of a vIL6 homolog in KSHV suggests a potential role for this protein in the induction and progression of Kaposi's sarcoma and the B-cell neoplasias associated with KSHV.
Whereas cellular IL-6 requires the presence of the nonsignaling receptor subunit (IL-6R) and the signaling receptor subunit gp130 for signal transduction, the KSHV vIL-6 can interact and signal directly through the ubiquitous gp130 receptor subunit in the absence of IL-6R (28) . Recent results suggest that the gp130-specific signaling by KSHV vIL-6 plays an important role in bypassing the antiviral effects of interferon (6) . Crystallographic studies of the KSHV vIL6-gp130 extracellular receptor complex have identified major sites of protein interaction which are primarily hydrophobic (7) . The site II interface of KSHV vIL-6 is dominated by Trp41, Trp44, and Trp134, while the site III interface is dominated by Leu165, Tyr166, Trp167, and Phe171. These interactions are predicted to allow two molecules of vIL-6 to bind to two gp130 subunits in the absence of the IL-6R subunit. Most of these residues are conserved within the RFHVMn and RFHVMm vIL-6 homologs, suggesting similarities in receptor binding (Fig. 6A) .
Interestingly, very few of these hydrophobic residues are conserved within the RRV vIL-6. In RRV, Trp41 is replaced by a negatively charged glutamic acid and Trp167 is replaced by a positively charged arginine. This is similar to the situation with the cellular IL-6 homologs, which lack the conserved hydrophobic residues in the site II and site III domains and instead have small polar residues in these positions. The lack of hydrophobic residues available for site II and III binding suggests that, like cellular IL-6, RRV vIL-6 may not bind and signal directly through interactions with gp130, but instead could require the presence of the IL-6R subunit. Studies with RRV vIL-6 support this hypothesis. Antibodies directed against the IL-6R subunit completely inhibit RRV vIL-6-induced proliferation of B9 mouse cells (17) . This contrasts with the situation with KSHV vIL-6, where antibodies against gp130 inhibited vIL-6 activity while antibodies against IL-6R did not VOL. 77, 2003 ANALYSIS OF DIVERGENT LOCUS B OF RFHV 5095 (5, 28) . These results suggest that the vIL-6 homologs from members of the RV-1 lineage of rhadinoviruses could exert their biological effect on any cell which expresses a sufficient quantity of the gp130 signaling receptor, whereas the effects of vIL-6 homologs from members of the RV-2 lineage of rhadinoviruses would be limited to cells expressing both the IL-6R nonsignaling subunit and the gp130 signaling subunit. We are currently examining the receptor binding properties of the two macaque vIL6 homologs. Our results demonstrate that RFHV contains a vTS homolog in a genomic position and orientation similar to those of the vTS homologs of the other Old World primate rhadinoviruses KSHV and RRV. This contrast with the position of the vTS homologs within the genomes of the New World primate rhadinoviruses HVS and ateline herpesvirus 3 and the ungulate rhadinovirus EHV2, in which the vTS genes are located much further downstream at the right end of the genome (2, 3, 43) . While TS homologs are also present in the human and simian varicella-zoster virus homologs (as shown in Fig. 4A and B), the genome structures of these alphaherpesviruses are not analogous to the rhadinovirus genomes and cannot be easily compared. Three separate clusters of the herpesvirus vTS homologs were evident from our phylogenetic analysis: (i) the Old World primate and ungulate rhadinoviruses vTS homologs, (ii) the human and monkey varicella-zoster virus-related alphaherpesvirus and the mammalian TS homologs, and (iii) the New World primate rhadinovirus and lower eukaryote TS homologs. This suggests that at least three separate acquisitions of cellular TS genes into the herpesviridae may have occurred. A second possibility is that the sequence and genomic location differences between the TS homologs may derive from a combination of different mutational rates and translocations between the two genomic terminal regions (27) .
In contrast to KSHV and RRV, RFHV lacks an ORF 11 homolog downstream of ORF 10. This was confirmed by sequencing this region in both RFHVMn and RFHVMm species. Although the presence of an ORF 11 homolog is a conserved feature within most gammaherpesviruses, the ungulate rhadinovirus BHV4 also lacks an ORF 11 homolog (49) . Analysis of the ORF 11 homologs of other gammaherpesviruses with repetitive PSI-Blast searches of the NCBI databases revealed a distant similarity to the gammaherpesvirus ORF 10 homologs (see alignment in Fig. 5A ). This similarity, though weak, suggests a possible functional overlap between ORFs 10 and 11. However, no function has yet been attributed to either ORF 10 or 11, nor have obvious similarities been detected with proteins of known function. ORFs 10 and 11 do not appear to be required for viral replication, as both gene homologs (LF1 and LF2) are deleted in the prototypical EBV variant which replicates within the B95-8 marmoset cell line (34) . Our results indicate that sometime after host speciation and the evolutionary split between RFHV and KSHV, the RFHV lineage lost the ORF 11 homolog within the DL-B region. Future cloning studies will reveal whether or not an ORF 11 homolog is alternatively present within the remainder of the uncharacterized RFHV genome.
Our studies demonstrate a strong similarity in sequence conservation, genetic complement, and colinear organization of genes within the DL-B region of the genomes of macaque RFHV and human KSHV. These findings strongly support the hypothesis that RFHV is the macaque equivalent of KSHV and substantiate the grouping of these viruses together within the RV-1 lineage of Old World primate rhadinoviruses. Conversely, the differences detected between the sequence conservation, genetic complement, and colinear organization of the macaque RFHV and RRV genomes support the grouping of these two macaque viruses into distinct RV-1 and RV-2 rhadinovirus lineages, respectively. However, the ultimate comparison of these macaque rhadinoviruses awaits the complete sequencing of the RFHV genome. Even though the RV-1 and RV-2 lineages of rhadinoviruses are more closely related to each other than to other members of the Herpesviridae, our findings suggest that the two macaque rhadinovirus lineages have diverged considerably over time, yielding differences in gene content, organization, and structure that would provide the basis for biological differences between the members of these two viral lineages. No evidence of interlineage recombination between the macaque RV-1 and RV-2 rhadinoviruses was detected, even though mixed infections were identified in numerous individual macaques.
